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and drought), heat and chilling (high and low temperature stresses), soil salinity, and
acidity are major yield constraints, as these two crops are grown mostly under rainfed
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basic information concerning screening techniques, physiological mechanisms, and
genetics of traits associated with resistance/tolerance to abiotic stresses in these two
crops. However, the final outcome in terms of resistant/tolerant varieties has been far from
satisfactory. This situation calls for improving selection efficiency through precise
phenotyping and genotyping under high-throughput controlled conditions using modern
tools of genomics. In this review, we suggest that an integrated approach combining
advances from genetics, physiology, and biotechnology needs to be used for higher
precision and efficiency of breeding programs aimed at improving abiotic stress tolerance
in both chickpea and pigeonpea.
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In several developing nations of the world, pulses are the
major source of dietary protein for millions of people who
are vegetarians either by choice or by religion [1], and
thereby play an important role in mitigating protein malnu-
trition. However, year-to-year fluctuations in pulse produc-
tion and productivity, owingmainly to abiotic stresses, often
place global nutritional security in jeopardy. At the farmer
level, cereals always take the front seat in filling families'
basic energy requirements. This priority relegates the
cultivation of pulses to less productive or risk-prone
marginal lands of the semi-arid tropics (SAT) receiving
<500 mm annual rainfall. SAT regions cover as many as 55
countries in Asia and sub-Saharan Africa. Among grain
legumes serving as the major source of daily protein intake
for the poor in parts of sub-Saharan Africa and south Asia,
chickpea (Cicer arietinum L.) and pigeonpea [Cajanus cajan (L.)
Millsp.] are the most important. The major abiotic stresses
affecting their production are extremes of moisture stress
(sufficiency or deficiency) and temperature (high or low),
salinity/alkalinity, and acidity [2]. Instability in production
and productivity of these two pulses greatly affects nutri-
tional security in SAT regions.
Trait-specific indices have been used in many field crops
for selecting high-yielding genotypes with tolerance/resis-
tance to abiotic stresses. Several indices or parameters such
as stress susceptibility index (SSI) [3], stress tolerance (TOL)
[4], stress-tolerance index (STI) [5], and geometric mean
productivity (GMP) [6] based on yield under both stress and
non-stress conditions have been applied to identify
better-performing cultivars. Similarly, recent advances in the
development of molecular markers, marker–trait association,
and marker-assisted breeding (MAB) have made it possible to
realize higher genetic gain while breeding for abiotic stresses
in other crops [7]. To improve selection efficiency for abioticstress tolerance (AST) of these two SAT pulse crops, it is
imperative to identify and validate morphological markers,
physiological processes, and indices using high-throughput
controlled conditions and/or natural stress conditions for use
as selection criteria in conventional and/or molecular breed-
ing. In recent years, several reviews dealing with abiotic
stresses in pulses have appeared. However, most such
reviews are specific either to an individual pulse crop [8,9] or
to a specific abiotic stress within the crop [10,11]. Some
reviews have focused on physiological approaches [12], while
others have addressed the issue exclusively through molec-
ular approaches [13]. The present review is an attempt to
address the issue of abiotic stresses collectively in both
chickpea and pigeonpea through integration of physiological
and molecular approaches.2. Major abiotic stresses affecting chickpea and
pigeonpea productivity
2.1. Chickpea
Chickpea is a cool-season pulse crop of SAT regions that
serves as the major source of protein for millions of farm
families. In India, chickpea is grown over 9.92 Mha, with
production of 9.88 Mt and productivity of 995.3 kg ha−1 [14]. It
is cultivated in all the five diverse agro-climatic zones of India
(central, south, northwest plain, northeast plain, and north
hill zones). The central (parts of Rajasthan, Madhya Pradesh,
Chhattisgarh, Gujarat, and Maharashtra) and south (Andhra
Pradesh, Telangana, Karnataka, and Tamil Nadu) zones
account for over 80% of the total chickpea area in India. SAT
regions are scattered over two thirds of the area of these two
zones. The cultivation of chickpea on such marginal lands
with residual moisture and limited inputs leads to poor
realization of the potential yield of improved cultivars.
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stresses have been estimated at 6.4 Mt [15]. In order of
importance, the most common abiotic stresses affecting
chickpea production are drought and high and low tempera-
ture [16]. Loss of chickpea seed yield due to terminal drought
ranges from 26% to 61%. This is attributed to the reduction in
dry matter production and partitioning [17]. Mean tempera-
tures above 25 °C (minimum 15 °C at night and maximum
35 °C during the day) lead to heat stress in chickpea, leading to
20%–70% yield reductions through flower drop and pod
abortion [18]. Reduction in seed size due to heat stress during
the pod-filling stage has also been observed [19]. Most of the
cool-season pulses are highly sensitive to low-temperature
stress (in north India) during the flowering and early pod
formation stages. An average temperature range of 0–10 °C is
considered as the threshold for cold stress in cool-season
pulses including chickpea [18]. Cooler temperature coupled
with wetter conditions is conducive to increased incidence of
Ascochyta blight and anthracnose in chickpea [20]. An esti-
mated global annual chickpea yield loss of 8%–10% has been
attributed to salinity [21]. Saline conditions (Punjab, Haryana,
and other regions of India) adversely affect chickpea at both
vegetative and reproductive phases especially during pod
formation [22]. Toxic effects of aluminium (Al) are obvious
even at 10 μg mL−1 concentration (in acidic soils of eastern
hills, parts of Jharkhand, Odisha, Chhattisgarh, and other
areas) and expressed as root injury and seedling mortality in
most cultivars of chickpea [23].
2.2. Pigeonpea
Pigeonpea is a warm-season perennial that is cultivated as a
rainy-season annual in SAT regions of the world. More than a
billion people depend on pigeonpea as their main source of
protein [24]. The estimated globally-sown pigeonpea area ex-
ceeds 7.03 Mha, with a production of 4.89 Mt and productivity of
695 kg ha−1 [14]. The crop iswell adapted to rainfed areas of India
(5.60 Mha),Myanmar (0.60 Mha), Kenya (0.28 Mha), andTanzania
(0.25 Mha). Varieties belonging to four distinct maturity groups
(extra early, early, medium, and long-duration) are cultivated in
India [25]. This crop is grown in all five zones under production
constraints similar to those of chickpea. As a rainy-season crop,
pigeonpea encounters waterlogging (WL) and/or partial submer-
gence, impairing crop establishment and maintenance of proper
plant density [8]. The problem of excess moisture is more
pronounced in the NEP (central and eastern Uttar Pradesh,
Bihar, Jharkhand, andWest Bengal); however,WL is also endemic
in some parts of the central zone (Yavtmal and adjoining areas of
Maharashtra, Jabalpur in Madhya Pradesh, Surat, and Navsari in
Gujarat). Although considered a drought-tolerant crop owing to
its deep and extensive root system, pigeonpea may experience
early, intermittent, and/or terminal drought stress [26], resulting
in substantial yield losses. Chilling stress (<15 °C) is common in
tropical crop species such as pigeonpea [27]. In NEP and some
parts of the northwest plains (NWP) where traditionally
long-duration pigeonpea (200–300 days) is cultivated,
low-temperature stress (<10 °C) during the early flowering
phase leads to flower and pod drop, causing a second flush of
flowering leading to delayedmaturity and significant yield losses
[28].3. Screening techniques and marker traits for
abiotic stress tolerance
Screening of core and mini-core germplasm sets has revealed
significant genotypic variation for most of the abiotic stresses
in both chickpea and pigeonpea. Intensive and precise
germplasm screening and use of tolerant lines in breeding
programs has been a primary approach to delivering agro-
nomically superior cultivars that are resistant or tolerant to
various abiotic stresses. Screening techniques to differentiate
tolerant from sensitive genotypes for major abiotic stresses
affecting chickpea and pigeonpea production have been
developed, and morphological markers, physiological pro-
cesses, and mechanisms are described below.3.1. Drought stress
Early flowering is often used as an index of early maturity.
This trait has invariably been used to escape drought in most
pulses including chickpea [29,30]. Several screening tech-
niques, both in vitro and in vivo, have been used to select
genotypes for improved drought tolerance in pulses and other
legumes [31,32]. These techniques facilitate identification of
desirable genotypes based on efficient root traits (such as
length and density) that effectively use soil water [33].
Effective use of water or water use efficiency (WUE) is an
important criterion for drought tolerance [34,35]. It is assessed
gravimetrically from the correlation between transpiration
and yield in pot culture. To measure WUE in chickpea, a
powerful screening technique known as carbon isotope
discrimination (Δ13C) was used by Kashiwagi et al. [36]. Low
canopy conductance was recorded for some chickpea geno-
types especially at the vegetative stage under irrigated
condition at varying levels of vapor-pressure deficit (VPD)
under field and controlled conditions; however, the reverse
trend was observed at the pod-filling stage [37,38]. Under
limited-moisture conditions, osmotic adjustment (OA) plays
an important role in controlling water absorption and cell
turgor pressure [39], significantly affecting grain formation
during the reproductive phase under limited-moisture condi-
tions [40]. Morphological markers associated with drought
avoidance in chickpea include plant type (spreading or
semi-spreading, erect, semi-erect), morphology (leaf area
index; LAI) and leaf orientation (leaf angle), cuticular waxiness
(resulting in 2%–50% reduction in transpiration), and leaf
reflectance [28]. To investigate the role of various agronomical
and physiological markers, Kanoni et al. [41] screened a set of
24 genotypes using two sowing dates under two levels of
moisture. STI and MP were rated as the best indices for
identifying genotypes with drought resistance. Pouresmael et
al. [42] have also confirmed STI as an important index to
account for drought tolerance in chickpea. In a similar
attempt to assess the correlation of various drought-related
traits with DRI in a set of 21 drought-responsive genotypes,
positive and negative associations of crop growth rate (CGR)
andWUEwith DRI, respectively, have been demonstrated [43].
It is interesting to note that a chickpea genotype, ‘ICC 7571’,
displayed marked drought tolerance in both years of the
study. Moreover, partitioning coefficient (p) contributed
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result further corroborated in a set of 280 chickpea accessions
[44].
Biochemical analysis has confirmed the role of several
enzymes that play important roles in identifying drought
tolerant/sensitive genotypes. Antioxidant enzyme activity
analysis revealed that Mesorhizobium ciceri strains produced
ascorbate peroxidase and peroxidase enzymes in root nod-
ules, leading to improved drought tolerance in chickpea [45].
Similarly, Mafakheri [46] while assessing effects of drought at
different growth stages (vegetative and anthesis) observed that
tolerant genotypes synthesized more carbohydrate, catalase
(CAT), and peroxidase (POX), revealing the importance of CAT
and POX in drought tolerance. In another experiment, Ulemale
et al. [47] reported that three chickpea genotypes, ‘Phule G
09103’, ‘Phule G 2008-74’, and ‘Digvijay’ were drought-tolerant
as indicated by reduction in membrane injury and drought
susceptibility indices and high drought-tolerance efficiency
(DTE), chlorophyll content, and proline content.
Pigeonpea germplasm has shown a wide range (0.2–1.6 MPa)
of variation for OA, up to 5.0 MPa (for some accessions) in wild
species. Some varieties, such as ‘Bahar’, ‘BSMR 853’, and ‘ICP
84031’ have shown higher OA under drought [12]. Besides OA,
relative water content (RWC) of leaves and dehydration toler-
ance are important in response to drought conditions. Breeding
for drought resistance should be performed under actual
moisture-deficit conditions based on agronomic traits such as
pods per plant, seeds per pod, seed size, and seed yield per plant
[8,28]. Desmukh and Mate [48], while evaluating 11 pigeonpea
genotypes in a rainout shelter and seventeen genotypes in field
conditions under moisture stress and irrigated conditions,
observed that the drought-tolerant cultivar ‘JSA 59’ showed
high DTE, low DSI, lowmembrane injury index, high dry matter
accumulation, and high harvest index (HI). ‘BSMR 853’ (a
medium-duration genotype) also showed high DTE; however, it
was a poor-yielding genotype under stress conditions. The
cultivar ‘JSE 115’ was rated good owing to high values for RWC,
grain yield and HI but intermediate for DTE, membrane injury
index, and percent yield reduction due to moisture stress. As
most physiological parameters appear to be ratios, selection
based on their desirable estimates does not always result in the
identification of genotypes reproductively superior for drought
stress. For this reason, physiological parameters along with high
mean seed yield should be used to identify superior genotypes
for limited-soil-moisture conditions.
Drought results in enhanced production of ethylene in root
tissues owing to oxidation of 1-amino-cyclopropane
1-caboxylate (ACC) oxidase, leading to substantial reductions
in root nodulation and biomass production [49]. It is becoming
popular to use microbes as “biofertilizers” as one of the
options for improving drought tolerance. Many plant
growth-promoting rhizobacteria (PGPR), which survive by
exopolysaccharide (EPS) production, secrete ACC deaminase,
causing hydrolysis of ACC into α-ketobutyrate and ammonia
and use them as carbon and nitrogen sources, respectively
[50]. Inoculation of ACC deaminase-producing Bacillus subtilis
and Pseudomonas stutzeri along with M. ciceri significantly
reduced ethylene production and improves plant growth in
chickpea under drought conditions [51]. The structural gene
for ACC deaminase (acdS) has been detected in severalrhizobia including Sinorhizobium sp. BL3 and M. loti [52].
Similarly, arbuscular mycorrhizal (AM) fungi have been
reported to increase WUE of pea by 11%–24% under
limited-moisture conditions [53]. AM fungi, through their
extended root system composed of ramifying hyphae, exploit
a large area to harvest moisture from deeper layers of the soil
[12]. Such enhancement in WUE by AM fungi could also be
possible in chickpea and pigeonpea.
3.2. Waterlogging stress
Waterlogging tolerance involves metabolic adaptations and
varies with species, plant, and tissue. It includes maintenance
of a low adenylate energy charge (AEC) and reducedmetabolic
activity under anoxia. Aerenchyma formation creates an
internal gas-exchange channel for air from the aerobic shoot
to the hypoxic root and facilitates the counter flow of volatile
compounds accumulated in the anaerobic soil and plant
tissue. Laan et al. [54] revealed that internal aeration could
support 50% of respiration under hypoxic conditions. Thus,
aerenchyma formation is an important adaptive mechanism
for enhancing survival [55] and sustaining basic cell functions
and structures in plants subject to waterlogging.
During winter, little rainfall occurs in India. Thus, chickpea
does not experience excessive moisture stress. However,
changing climate is likely to alter rainfall patterns, leading to
waterlogging problems in cool-season pulses as well. Among
cool season pulses, chickpea is the most sensitive to WL stress
[56]. WL stress at any stage reduces seed yield, but chickpea
suffersmost if exposed towaterlogging just after flowering. The
WL tolerance of chickpea seems to decrease at flowering, owing
to changes in the demand, supply and partitioning of photo-
synthate and mineral nutrients and senescence-promoting
factors [57]. Screening may accordingly be performed at the
flowering stage to identify WL-tolerant chickpea genotypes.
As pigeonpea is sown mostly after the onset of the
monsoon season, WL stress indeed determines its early
establishment. The identification of important traits confer-
ring WL tolerance in pigeonpea has been facilitated by
designing simple screening protocols. Given that maximum
rainfall is received during July and August, seed germinability
(0–8 days) and early crop establishment (15–35 days) are
reduced. Accordingly, the screening methodology has been
optimized and re-validated by taking into account such
critical stages. Sultana et al. [58] imposed a seed-submergence
treatment for eight days (192 h duration) to record germina-
tion rate (at 25 ± 2 °C) under controlled conditions in the dark.
Screening of 272 genotypes of different geographical origin at
germination stage showed significant differences in WL
tolerance among cultivated genotypes. Field screening at the
seedling stage has been described in detail by Choudhary et al.
[59]. This WL-screening technique appears to serve the
purpose. However, prerequisites including high temperature,
high humidity and long day must be met during field
experimentation [8,28]. WL causes rapid senescence and
drooping of the shoot tips of plants, reduced plant height,
and delayed flowering in surviving plants, leading to amarked
reduction in the number of pods, seeds/pod and seed yield.
Seed coat thickness, aerenchymatous cells, lenticels and
adventitious roots also affect WL tolerance in pigeonpea [8].
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seed yield has been observed in field trials of pigeonpea [60].
3.3. Extreme temperature stresses
Cool season pulses perform optimally in the temperature
range of 15–35 °C [61]. Daytime air temperature beyond 35 °C
during the reproductive phase brings about substantial
reduction in anthesis and pod setting, leading to complete
failure of these events if temperatures exceed 40 °C in most
cool-season pulses including chickpea [62]. In the NEP and
NWP of India, high-temperature stress during the pod
formation and grain-filling periods especially in late-sown
chickpea (grown after harvest of rice) leads to >50% yield loss
[18]. Heat stress induces chlorophyll degradation, which in
turn probably reduces the photosynthetic capacity of
cool-season crop plants. Moreover, impaired transport of
photosynthate (starch mobilization) from green foliage
(source) to anther tissues (sink) leads to high pollen mortality,
thereby decreasing grain yield [63]. Early-flowering genotypes
[29] that also mature early [64] have often been selected to
mitigate heat stress in chickpea. Screening techniques to
discriminate between tolerant and sensitive genotypes based
on pollen viability, photosynthetic ability, membrane injury
and LAI have been reported from the Indian Institute of Pulses
Research (IIPR), Kanpur [65]. With increasing temperature
(beyond 35 °C), significant variation in these parameters was
observed among 50 genotypes. The genotype ‘ICCV 92944’
showed least deviation in LAI; pollen grains were viable and
thus deeply stained at >40 °C. Among the above-noted
parameters, pollen viability in chickpea has been identified
as a key trait in heat stress. Under cold stress, foliage growth
of chickpea is arrested in a low-temperature range of 6–15 °C
[12]. A genotype surviving and reproducing at this tempera-
ture range may be selected as a potential donor of cold
tolerance in chickpea.
Pigeonpea, being a warm-season pulse, is sensitive to
chilling (<15 °C) and frost injury. At freezing temperatures,
photosynthesis is completely inhibited owing to low temper-
ature, moisture stress, internal injury, and production of
reactive oxygen species (ROS) [27]. Genotypes surviving at
temperature as low as 0 °C having normal morphology have
been screened to serve as sources of cold tolerance in
pigeonpea [66]. However, before their use as the source of
low temperature tolerance, it needs to be confirmed whether
survival advantage in these genotypes also aids their repro-
ductive capacity. The reproductive capacity of most genotypes
is reduced if the minimum temperature falls below 10 °C [28].
The growth and development of flower buds, the enlargement
of filaments, and the process of anthesis are impaired at low
temperature [67]. Low temperature precludes pollen dehis-
cence, resulting in an absence of pod formation in some
sensitive pigeonpea genotypes such as ‘IPA 209’ and ‘IPA 06-1’
[68]. The initiation and development of floral buds, number of
blossomed flowers [67] and pod setting at low temperature
[69] can be used as marker traits to discriminate between
sensitive and tolerant genotypes of pigeonpea. Wild acces-
sions (C. cajanifolius, C. scarabaeoides, etc.) of pigeonpeamay be
investigated to screen tolerant wild accessions for their
exploitation in breeding for cold tolerance.With respect to heat stress, a high degree of pollen sterility
in pigeonpea has been noticed at higher temperature (≥38 °C).
Phenotyping for high-temperature tolerance based on fluo-
rescence and imaging led to the identification of tolerant
genotypes such as ‘WRP 1’, ‘MAL 13’, ‘BSMR 736’, and ‘NDA 1’.
Some accessions of C. scarabaeoides that flowered and set pods
in the temperature range of 20–40 °C could be used as donors
of heat tolerance in pigeonpea [12].
3.4. Salinity/alkalinity stress
Soil salinity/alkalinity is a constantly increasing constraint on
pulse production in many parts of the world including India.
In India, NWP (western Uttar Pradesh, Punjab, Haryana,
northern Rajasthan, and Delhi), central zone (Gujarat, central
and western Rajasthan, Maharashtra and MP) and NEP (west
Bengal, central and eastern Uttar Pradesh, Bihar and eastern
Odisha) account for over 95% of the total saline/alkaline area
(7.0 Mha). Salinity in field soils as low as 3 dS m−1 is the
threshold point for reduction in shoot growth and yield of
chickpea [70]. In chickpea, germination is relatively insensi-
tive to salinity, and sensitivity increases from the vegetative
to the reproductive phase [28]. A concentration of
40 mmol L−1 NaCl has been observed to be the optimum
level of salinity (NaCl) for distinguishing tolerant from
sensitive genotypes of chickpea. Excellent recovery with
substantial new shoot growth was noticed when salinity was
reduced [22]. This recovery is observed in most pulses,
including pigeonpea, as pulses have a non-determinate
(NDT) growth habit. Tissue ion regulation is a primary
physiological mechanism of salt tolerance in plants, but
whether Na+ or Cl− ‘exclusion’ confers salinity tolerance in
chickpea is not clear [28]. The reproductive phase appeared to
be salinity-sensitive owing to toxic accumulation of Na+ and
Cl− in flowers and stigmatic surface, reducing pollen tube
growth [22]. However, Vadez et al. [71] reported no association
between final yield and Na (% dry mass) in shoots at the
vegetative stage. It thus appears that a combination of
mechanisms, ion exclusion and tissue tolerance of excessive
ions, is operating to confer salinity tolerance in chickpea [28].
Salinity leads to leaf necrosis due to the destruction of
chlorophyll in leaf cells resulting from toxic accumulation of
Na+ and/or Cl−. It has accordingly been suggested to use visual
scores of necrosis as an index of salinity tolerance in chickpea.
As salinity also leads to physiological drought, chickpea
plants are unable to extract much water from saline soil.
The role of OA in salinity tolerance was found inconclusive,
calling for further study. Salinity was observed to cause
reductions in the number of pods per plant, seeds per pod,
and seed size; however, seed size appeared to be relatively
little affected [21]. The relative insensitivity of seed size could
be exploited to develop salt-resistant cultivars in the
market-preferred seed size category [71]. According to Flowers
et al. [21], genotypic performance was not consistent across
seedling and maturity stages under saline condition, requir-
ing selection for salinity tolerance across the life cycle.
Differential expression of salinity resistance at various stages
also provides an opportunity to combine in a single genotype
the stage-specific resistance from contrasting parents to
produce a salinity-tolerant improved cultivar of chickpea.
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the threshold is even lower (<1.3 dS m−1) [72]. Salinity
response varies with maturity group; damaging effects are
more pronounced in early than in the late-maturing geno-
types [73]. According to Subarao et al. [74], salinity tolerance
during germination shows no correlation with tolerance at
later growth stages. However, there was some association of
survival per cent with seed yield under salinity. Salinity
tolerance in cultivated pigeonpea is perhaps facilitated by
low accumulation of Na in roots and translocation of high
content of K to shoots. Wild relatives of pigeonpea from
secondary and tertiary gene pools (C. scarabaeoides, C. albicans,
and C. platycarpus) respond differentially to salinity. Physio-
logical processes conferring salinity tolerance in these wild
relatives involve root retention of Na and Cl and their limited
translocation to shoots, high potassium in shoots, and
maintenance of optimum rates of transpiration under salin-
ity. Srivastava et al. [75] reported that screening for salinity in
pigeonpea could be accomplished by NaCl treatment of
1.01 g kg−1 in an alfisol. They further observed that both
cultivated and wild accessions varied widely for salinity
susceptibility index (SSI) and relative reduction percent
(RR%). Salinity tolerance appeared to be positively correlated
with low K accumulation in shoots of the cultivated types.
Accessions of wild species such as C. scarabaeoides, C. sericeus,
and C. platycarpus offered valuable sources for salinity
tolerance.
In summary, both chickpea and pigeonpea are sensitive to
salinity stress. However, genotypic differences for salinity
provide opportunity for selecting tolerant genotypes. The
level of salt concentration optimal for discriminating sensi-
tive and tolerant genotypes varies between these two species.
Because there is no association of salinity tolerance between
growth stages, screening needs to be performed from the
vegetative to the reproductive stages. Ion exclusion (from
root), tissue tolerance of toxic ions, and perhaps internal
detoxification may be simultaneously operating to mitigate
the effects of salinity stress.
3.5. Al toxicity
Acidic soils occupy large areas of the world. Such soils are
characterized by poor productivity and low fertility due mainly
to a combination of aluminium (Al) and manganese (Mn)
toxicities coupled with nutrient (P, Ca, Mg, and K) deficiencies.
However, the primary growth-limiting factor in acidic soils is Al
toxicity [76]. In India, of 49 Mha of land affected by soil acidity,
24 Mha have pH below 5.5 [77]. Soil acidity as a production
constraint is encountered in all states of India except Gujarat,
Rajasthan, Punjab, and Haryana. According to Choudhary et al.
[59], both cool- and warm-season pulses are sensitive to Al
toxicity. Only limited screening for Al toxicity in chickpea and
pigeonpea has been reported. Even published reports are
limited to seedling screening.
Hematoxylin staining and root regrowth assessment at
20 μg mL−1 Al concentration have been reported to produce
consistent results for discriminating tolerant and sensitive
genotypes of chickpea [78]. In pigeonpea, 30 μg mL−1 Al
concentration has been found to be the optimum level for Al
screening. Hematoxylin stainingwas rated as the bestmethodowing to operational simplicity, short test period, and
accuracy and precision of Al tolerance scores [79]. Al toxicity
appeared to restrict root growth and caused root injury. Roots
of plants were significantly shortened, and normal branching
was absent at higher Al concentrations (30 μg mL−1 and
50 μg mL−1) than the control (0 μg mL−1) in all genotypes [80].
Tolerant genotypes retained normal physiological function at
toxic Al levels owing to better nutrient uptake efficiency and
distribution within plants [81]. According to Choudhary et al.
[79,80], root exclusion of Al was the probable mechanism of Al
tolerance in pigeonpea (Table 1). Biochemical analysis has
revealed that Al-induced excretion of the organic acid citrate
from roots is one of the mechanisms of Al tolerance in
pigeonpea [82]. Similar mechanismsmay hold for Al tolerance
in chickpea.
Internal detoxification and tissue tolerance as possible
mechanisms of Al tolerance in both chickpea and pigeonpea
need to be fully investigated. Moreover, these results are
based on seedling (vegetative stage) screening only. Revalida-
tion of these results at reproductive (flowering and podding)
stage under both controlled and field conditions is further
required.4. Sources and genetics of abiotic stress tolerance
Remarkable efforts have been made to identify donors for and
decipher the inheritance and genetics of resistance/tolerance
to various abiotic stresses in chickpea and pigeonpea. Drought
dehydration-responsive cellular adaptation (DDRCA) in cer-
tain genotypes (ICC 4958, Annigeri, and ICCV 10) of chickpea is
due to early flowering [37,38]. Early flowering with quick
canopy growth enabled the chickpea genotype ‘ICCV 92944’ to
perform well under late-sown conditions and escape heat
stress (≥35 °C). Several chickpea genotypes (e.g. ICC 1052 and
ICC 8522) avoiding heat stress by virtue of high LAI have also
been reported [28]. In pigeonpea, initial WL evaluations
allowed identification of the tolerant genotype ‘ICPL 84023’
[83]. Other WL-tolerant hybrids/genotype of pigeonpea in-
cludes ICPH 2671, ICPH 2740, ICPH 3762, and ICPR 2671 [28,84].
Details of donors are presented in Table 2.
Singh and Raje [23] have shown that Al tolerance is a
dominant monogenic trait in chickpea; however, it is oligogenic
in pigeonpea [85]. Similarly, pollen dehiscence [68] and pod
setting under low temperature [69], WL tolerance [83] and
salinity tolerance [86] have been reported as dominant mono-
genic traits in pigeonpea. In chickpea, root traits (length and
density), drought tolerance score, canopy temperature differen-
tial, and seed size have been reported to be quantitative traits,
and are controlled by several QTL [87,88]. Details of the gene
action associated with abiotic stresses are presented in Table 3.5. Genomic resources
Polymerase chain reaction (PCR)-based simple sequence
repeats (SSR) and single-nucleotide polymorphism (SNP)
markers have frequently been used for their ease in genotyp-
ing of large segregating populations in a cost-effective
manner with high reproducibility. In chickpea, >44,000 ESTs
Table 1 –Marker traits and physiological mechanisms conferring abiotic stress tolerance in chickpea and pigeonpea.
Abiotic
stress
Crop Marker trait and selection index Physiological
mechanism
Reference
Drought Chickpea Early flowering Escape Kumar et al. [29], Canci et al. [30]
Root length, root density and other root traits Avoidance Gaur et al. [33], Kashiwagi et al. [43]
Water use efficiency Tolerance Krishnamurthy et al. [34], Upadhyaya et
al. [35]
Early flowering DDRCA Zaman-Allah et al. [37], Zaman-Allah et
al. [38]
Rate of partitioning Tolerance Kashiwagi et al. [43]
Catalase (CAT) and peroxidase (POX) Tolerance Mafakheri [46]
Chlorophyll and proline content Tolerance Ulemale et al. [47]
Pigeonpea Deep root system and high root biomass Avoidance Choudhary et al. [8]
High RWC and dehydration tolerance Tolerance and OA Choudhary et al. [8]
DTE, low membrane injury index, more dry
matter accumulation and high HI
Tolerance Deshmukh et al. [48]
Water-logging Pigeonpea Lenticel development and root arenchyma
formation
Internal gas exchange Choudhary et al. [8], Sultana et al. [28],
Laan et al. [54], Jackson et al. [55]
Adventitious roots, maintenance of
chlorophyll content and seed coat thickness
Tolerance Choudhary et al. [8], Sultana et al. [28]
Heat stress Chickpea Early flowering Escape Kumar et al. [29]
Canopy temperature Tolerance Zaman-Allah et al. [37], Zaman-Allah et
al. [38]
Early maturity Escape Gaur et al. [64]
Pollen viability, pollen tube growth, cell
membrane stability and LAI
Tolerance Indian Institute of Pulses Research [65]
Cold Pigeonpea Survival Tolerance Sandhu et al. [66]
Formation, opening of floral buds and
anthesis
Tolerance Choudhary [67]
Pollen dehiscence Tolerance Indian Institute of Pulses Research [68]
Pod setting Tolerance Singh et al. [69]
Salinity Chickpea Less leaf necrosis and maintenance of
chlorophyll in leaf cells
Salinity tolerance Flowers et al. [21]
Pollen tube sensitivity Ion exclusion Samineni et al. [22]
Pods/plant, seeds/pod and seed size Tissue tolerance of excess
ions
Vadez et al. [71]
Pigeonpea Late maturity Tolerance Dua et al. [73]
Seedling vigor and survival percent Root exclusion of Na+ and
better K+ regulation
Subbarao et al. [74]
Percent relative reduction (RR%) and salinity
susceptibility index (SSI)
Less Na in shoot Srivastava et al. [75]
Al toxicity Chickpea High root biomass, less root injury, rapid root
re-growth
Al exclusion Singh et al. [23]
Pigeonpea High root biomass, less root injury, rapid root
re-growth
Al exclusion Choudhary et al. [79], Choudhary et al.
[80]
DDRCA, drought dehydration responsive cellular adaptation; RWC, relative water content; DTE, drought tolerance efficiency; HI, harvest index;
OA, osmotic adjustment; LAI, leaf area index; RR%, percent relative reduction; SSI, salinity susceptibility index.
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et al. [109] reported nearly 800 SSR markers; however, the
frequency of polymorphic markers was quite low (30%) as
compared to that in other genera [110,111]. International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT), in
association with University of Frankfurt (Germany) and Univer-
sity of California (Davis, USA), has developed 311 SSR markers
fromSSR-enriched libraries and 1344 SSRmarkers fromBAC-end
sequence in chickpea usingmining approaches [111]. A 738-Mbp
draft whole genome shotgun sequence of a kabuli chickpea
variety ‘CDCFrontier’ comprising 28,269 genes, several unigenes,
SSRs, and SNPs (Table 4) has been reported [112]. A comprehen-
sive genetic map of chickpea was developed by several
researchers using RIL populations of ICC 4958 × PI 489777 [109–
111]. Although saturated linkage maps are available, mappingand tagging of biotic and abiotic stress-tolerance loci with tightly
linked markers are still lacking. There are reports of many
EST-based sequences that are tissue- and developmental
stage-specific [113]. In addition, transcriptomic and proteomic
studies have resulted in the identification of various
stress-responsive ESTs and genes [114]. Garg et al. [115] reported
dynamic transcriptional responses of chickpea tissues to various
abiotic stresses and identified 11,640 chickpea transcripts.
Differential expression analysis of these transcripts revealed
response to at least one of three (limited moisture, salinity and
chilling) abiotic stresses. The details of other genomic resources
[116–121] are presented in Table 4.
Twenty unique ESTs identified from the cDNA libraries of
drought stressed plants have been reported in pigeonpea. Ectopic
expression of C. cajan hybrid proline rich protein (CcHyPRP), C.
Table 2 – Donors/genotypes for abiotic stress tolerance in chickpea and pigeonpea.
Abiotic
stress
Crop Donor Selection criteria Reference
Drought Chickpea ICCV 96029 Super earliness Kumar and Rheenen
[29]
ICC 8261 Root traits Kashiwagi et al. [87]
ICC 4958 Root traits Gaur et al. [33],
Varshney et al. [88]
Root dry mass Krishnamurthy et al.
[89]
Osmotic regulation Gupta et al. [90]
FLIP 89-57C Stress yield Singh et al. [91]
DSI Singh et al. [92]
FLIP 92-60C STI Farshadfar et al. [93]
Pigeonpea LRG 30, ICPL 85063, and ICPL 332 RWC, pods/plant and HI Reddy [94]
ICP 4575 Stress yield Basu et al. [12]
Water-logging Chickpea Derivatives of DZ10-4 × JG79-2-3-88 Duration of flood survival Bejiga and Anbessa
[95]
Line 946-512 Survival when waterlogged at flowering Cowie [96]
Pigeonpea ICPL 84023 (WL tolerance) Survival and reproduction under
waterlogging
Sarode et al. [83]
ICPH 2671, ICPH 2740, ICPH 3762, and ICPR
2671
Temporary flood survival Krishnamurthy et al.
[84]
Heat stress Chickpea ICCV 92944, ICC 1205, and ICC 15614 MSI, pollen viability and pod setting Basu et al. [12]
ICC 3362, ICC 6874, ICC 12155, ICCV 92944,
ICCV 7104, and ICCV 7105
HTI Krishnamurthy et al.
[97]
ICC14346 Stress yield Upadhyaya et al. [98]
FLIP 89-57C Stress yield Singh et al. [91]
FLIP 92-154C Stress yield Toker and Cagirgan
[99]
Pigeonpea WRP 1, JKM 7, ICP 8700, JKM 189, MAL 13, ICP
995, BSMR 736, NDA 1, and ICPL 90011
Pollen viability and in situ germination Basu et al. [12]
Cold Chickpea ILC 8262, ILC 8617, and FLIP 87-82C Winter survival Singh et al. [91]
Gully and 940-26 Dry matter production in winter O'Toole et al. [100]
ICCV 88501 Stress yield Sandhu and
ArasaKesary [101]
ICCV 88516 Pollen tube growth at low temperature Clarke and Siddique
[102]
Pigeonpea Bahar and IPA 203 Anthesis at low temperature Indian Institute of
Pulses Research [68]
MAL 19, NDA 99-1, and NDA 49-6 Pod set at low temperature Singh and Singh [69]
Salinity Chickpea JG 62, ICC 5003, ICC 15610, and ICC 1431 Leaf necrosis Vadez et al. [71]
CSG 8962 and CSG 8927 Stress yield Dua and Sharma [103]
ILC 1919 – Tejera et al. [104]
SG-11 Seedling growth Singh and Singh [105]
ICC 10755 SSI Serraj et al. [106]
Pigeonpea ICPL 227 and Hy3C Survival under salinity Subbarao et al. [74]
Wild accessions of C. platycarpus, C.
scarabaeoides, and C. sericeus
SSI and RR% Srivastava et al. [75]
Accession of C. albicans Survival under salinity Subbarao et al. [86]
Al toxicity Chickpea ICC 14880 and IPC 92-39 Low accumulation of Al in roots and high
root regrowth
Singh and Raje [23]
Pigeonpea IPA 7-10, T 7 (late), and 67B (early) Reduced root injury, lower Al
translocation in roots and high root
regrowth
Choudhary et al. [79],
Choudhary et al. [80],
Choudhary and Singh
[81]
DSI, drought susceptibility index; STI, stress tolerance index; RWC, relative water content; HI, harvest index; MSI, membrane stability index;
HTI, heat tolerance index; SSI, salinity susceptibility index.
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regulatory (CcCDR) genes in Arabidopsis has been associated with
distinct tolerance and increased plant biomass and photosyn-
thetic rates under PEG/NaCl/cold/heat stress conditions [28,122].
The first draft of the genome sequence of ‘Asha’ (a popular
pigeonpea variety of the medium-maturity group in India) hasrevealed a high-quality genome sequence of 510,809,477 bp with
47,004protein coding genes and152 genes associatedwith abiotic
stress tolerance [123]. The genome sequence, reported by
Varshney et al. [124], represented 72.7% of the total genome
(833.07 Mbp) of the same pigeonpea variety ‘Asha’ with the
prediction of 48,680 genes. It also showed the potential role that
Table 3 – Inheritance of abiotic stress tolerance in chickpea and pigeonpea.
Abiotic stress Crop Trait/parameter Inheritance/gene action Reference
Drought Chickpea Early flowering Monogenic recessive (efl-1) Kumar and Rheenen [29]
Root traits QTL Gaur et al. [33], Varshney et al. [88]
Root traits Additive gene action Kashiwagi et al. [87]
Pigeonpea RWC, pods/plant, and HI Quantitative Choudhary et al. [8]
Water-logging Pigeonpea Seedling tolerance Monogenic (dominant) Sarode et al. [83]
Heat stress Chickpea Heat tolerance Multigenic; each component controlled
by a different set of genes
Upadhyaya et al. [98]
Cold Chickpea Cold tolerance Dominant; controlled by as many as five
genes; preponderance of additive gene action
Malhotra and Singh [107]
Pigeonpea Anthesis at low temperature Dominant monogenic Indian Institute of Pulses
Research [68]
Pod set at low temperature Dominant monogenic Singh and Singh [69]
Salinity Pigeonpea Salinity tolerance Dominant monogenic Subbarao et al. [86]
Al toxicity Chickpea Seedling tolerance Dominant monogenic Singh and Raje [23]
Pigeonpea Seedling tolerance Dominant oligogenic Singh et al. [85]
QTL, quantitative trait locus.
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domestication of pigeonpea and its evolution from ancestors.
The study further revealed a total of 309,052 possible SSRs, and
23,410 SSR primer pairs that could be converted into genetic
markers were designed successfully. Dubey et al. [125] identified
28,104novel SNPs across 12 genotypes (sixmappingpopulations).
These SNPs could be used for molecular characterization and
improvement of pigeonpea [108]. Kumar et al. [126] also reported
157 differential ESTs generated under PEG-induced water deficit
in pigeonpea roots, leading to identification of 95 unigenes
comprising 36 contigs and 59 singlets. Two other similar reports
are also available [127–128]. These candidate genes need to be
exploited for engineering pigeonpea to enhance tolerance to
various abiotic stresses.6. Status of breeding for abiotic stresses
6.1. Conventional breeding
The mechanism of “escape” has been widely used to mitigate
the effects of terminal drought and heat stresses in breeding
for earliness in both chickpea and pigeonpea. Genotypes/Table 4 – Genomic resources in chickpea and pigeonpea.
Crop Platform Unigene/transcrip
Chickpea 454FLX 160,883
Illumina 62,619
Illumina 53,409
454FLX 34,760
454FLX and Illumina 103,215
454FLX and Illumina –
454FLX 37,265
454FLX and Illumina 43,389
Pigeonpea 454GS-FLX 191,705
Illumina 173,708
454FLX and Illumina 127,754
454FLX 43,324
Illumina –
–, not reported.donors capable of escaping these abiotic stresses are available
(Table 2) for use in breeding programs. For mitigating actual
drought stress, only avoidance traits such as high root
biomass (length and density), plant type (spreading), leaf
traits (LAI), and presence of cuticular wax on leaves have been
used in conventional breeding. However, only a few varieties
in these two pulse crops tolerate low tissue water potential.
Despite the fact that WL stress causes high (10%–65%)
mortality in chickpea at flowering stage [9], no appreciable
WL tolerance has been reported in chickpea. In pigeonpea, a
fewWL-tolerant donors/lines and hybrids have been screened
in medium- and long-duration pigeonpea. However, no
progress has been reported in early pigeonpea, which suffers
the most from WL stress. Even attempts to escape WL stress
through breeding “super-early” types [129] have shown little
success owing to high yield penalties associated with earli-
ness. Several chickpea cultivars including ‘JG 14’ withstand
terminal heat stress up to 35 °C. Although some genotypes
capable of surviving and bearing fertile pollen above this limit
have been identified, pod development and seed setting has
always been very poor owing to the complex physiological
mechanisms of fertilization and seed development. Pigeonpea
cultivars (Bahar, IPA 203) producing flowers and setting podst SSR SNP Reference
– 1022 Gaur et al. [109]
81,845 76,084 Varshney et al. [112]
4816 – Garg et al. [116]
4111 495 Garg et al. [117]
26,252 26,082 Hiremath et al. [118]
– 14,454 Hiremath et al. [119]
4072 36,446 Jhanwar et al. [120]
5409 39,940 Agarwal et al. [121]
58,212 347 Singh et al. [123]
309,052 28,104 Varshney et al. [124]
50,566 12,141 Dubey et al. [125]
3771 – Dutta et al. [127]
– 17,113 Saxena et al. [128]
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have been identified. However, genotypes setting pods at even
lower temperatures (Tmin 2 °C–Tmax 15 °C) are needed to
overcome the problem of second flush in the northeast plains
of India. For salinity tolerance, only limited attempts have
been made to breed cultivars in both chickpea and pigeonpea.
Even salinity-tolerant cultivars of chickpea (e.g., CSG 8962)
have never occupied high acreage in problem areas, owing to
their low realized yield. A similar situation holds for Al
toxicity.
6.2. Pre-breeding
The absence of high degrees of resistance or tolerance in the
cultivated gene pool is the major constraint on improvement
of abiotic stress tolerance in both chickpea and pigeonpea. In
recent years, pre-breeding has evolved as a cost-effective tool
for introgression of useful genes from wild species having
potential to withstand climatic extremes. Wild relatives of
chickpea [130–134] and pigeonpea [12,75,86,135–136] have
been reported to harbor useful genes for abiotic stresses
(Table 5) and other agronomically desirable attributes such as
early flowering and photoperiod insensitivity. Considerable
variation has been observed in segregating BC2F2 populations
derived from two advanced-backcross populations in Desi-ICC
4958 × C. reticulatum (accession ICC 17264) and ICC 4958 × C.
echinospermum (accession IG 69978) and Kabuli-ICCV 95311 × C.
reticulatum (accession IG 72933) and ICCV 95311 × C.
echinospermum (accession ICC 20192) chickpea. Selection led
to identification of introgression lines (ILs) with early
flowering (26 days) and other desirable attributes. InTable 5 –Wild species as sources of abiotic stress tolerance in c
Crop Wild species Source of abiotic stress
Chickpea C. reticulatum Droughtc, heatc
Coldc
Salinityc
C. echinospermum Coldc
C. bijugum Coldc
Coldc,p
C. judaicum Coldc
Earlinessc (drought escap
C. pinnatifidum Droughtc, heatc
Pigeonpea C. cajanifolius Heatp
C. scarabaeoides Heatc, drought c
Heatp
Salinityc
C. sericeus Salinityc
Waterloggingp, droughtp
C. acutifolius Heatp, droughtp
C. albicans Salinityc
C. lineatus Waterloggingp, droughtp
C. platycarpus Salinityc
Heatp, coldp
C. mollis Coldp
c Confirmed source.
p Potential source.pigeonpea also, significant variation for agronomically im-
portant traits such as days to flowering and growth habit as
well as pod and seed traits has been reported in pre-breeding
populations derived from C. cajanifolius (ICPW 29) and C.
acutifolius (ICPW 12), respectively [137].
6.3. Molecular breeding
Although marker-assisted backcrossing (MABC) has been
widely used for introgression of resistance to biotic stresses
into chickpea and other grain legumes, reports of the
application of MABC for improving abiotic stress resistance/
tolerance in chickpea are few. Under the Tropical Legume-I
initiative of the CGIAR Generation Challenge Program fi-
nanced by the Bill & Melinda Gates Foundation, two major
MABC projects are continuing in chickpea for drought
tolerance at ICRISAT and its partner organizations [138].
Drought-tolerant progenies (BC3F3:4) in the genetic back-
ground of ‘JG 11’ (a popular Indian chickpea cultivar) have
been developed by the transfer of a genomic region, a “QTL
hotspot” from the donor ‘ICC 4958’ that carries several QTL for
drought tolerance. Initiatives have also been undertaken to
use marker-assisted recurrent selection (MARS) in chickpea to
develop and identify drought-tolerant lines having favorable
alleles using ICCV 04112 × ICCV 93954 and ICCV 05107 × ICCV
94954 [73]. In pigeonpea, a few candidate genes such as
CcHyPRP, CcCYP, and CcCDR genes that control drought,
salinity and cold have been characterized and validated
(Table 6). Recently, the Al-responsive CcSTOP1 and CcMATE1
genes have been characterized [82]; this will contribute to
pigeonpea breeding for tolerance to soil acidity.hickpea and pigeonpea.
tolerance Reference
Canci and Toker [30]
Singh et al. [130], Toker [131], Berger et al. [132]
Maliro et al. [133]
Singh et al. [130], Toker [131], Berger et al. [132]
Toker [131]
Berger et al. [132]
Berger et al. [132]
e) Robertson et al. [134]
Canci and Toker [30]
Khoury et al. [136]
Basu et al. [12]
Khoury et al. [136]
Srivastava et al. [75]
Srivastava et al. [75]
Khoury et al. [136]
Khoury et al. [136]
Subbarao et al. [86]
Khoury et al. [136]
Srivastava et al. [75]
Khoury et al. [136]
Khoury et al. [136]
Table 6 – Genes/QTL identified for abiotic stress tolerance in chickpea and pigeonpea.
Crop Genes/QTL Type of abiotic stress Reference
Chickpea QTL hot spot Drought tolerance Varshney et al. [88]
QTL/Efl-1 locus Drought escape (flowering time) Cho et al. [139]
QTL/ppd Drought escape (flowering time) Lichtengveig et al. [140]
ASR, DHN, and DREB Drought and heat tolerance (100 seed weight, δ13C,
plant height, root dry weight, pods/plant and yield under stress condition)
Thudi et al. [141]
Pigeonpea CcMATE1 Al tolerance Daspute et al. [82]
CcCYP Drought, salinity and cold Priyanka et al. [122]
CcCDR Drought, salinity and cold Pazhamala et al. [142]
QTL, quantitative trait loci; Efl, early flowering; ppd., photoperiod dependent; ASR, abscisic acid stress and ripening; DHN, dehydrin; DREB,
dehydration responsive element binding protein; MATE, multidrug and toxic compound exclusion; CYP, cyclophilin; CDR, chilling and drought
regulatory genes.
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In breeding for abiotic stress, we are ultimately concerned
with crop yield, a measure of reproductive capacity. Accord-
ingly, selection should be based on yield and sometimes on its
component traits [21]. Considering spatial and temporal
variation under field condition, genotypic screening for
abiotic stresses should be performed under controlled condi-
tions [28]. As the final outcome is a consequence of interac-
tion among several variables, final assessment of genotypes
for such abiotic stresses must be based on yield under actual
field conditions, and selection for high-yielding genotypes
must ultimately be practiced [59]. For highly heritable traits
(Al tolerance in chickpea and pigeonpea, pollen dehiscence
and pod setting under low temperature and WL tolerance in
pigeonpea), simple backcross breeding can be used to effect
improvement for such stresses.
Use of wild species, especially from secondary and tertiary
genepools, for improvement of abiotic stress tolerance in both
chickpea and pigeonpea is hindered by cross-incompatibility
barriers, F1 sterility, linkage drag, and different phenologies of
wild and cultivated species [143]. Some of these hindrances
can be overcome through exploitation of special techniques
such as application of growth hormones followed by ovule
culture and embryo rescue [144]. For transfer of superior
alleles from wild species (e.g. salinity tolerance in C. albicans),
an advanced backcross QTL (AB-QTL) approach [145] may be
used, as it facilitates efficient tracking of desired and
non-desired alleles in breeding lines [28]. Marker-assisted
backcrossing (MABC) using trait-linked markers may also be
used to develop superior lines or cultivars once a major gene
or QTL is identified and validated in the donor, as it will
facilitate retaining the whole genome of the recurrent parent
[146]. Nevertheless, root traits, drought tolerance score,
canopy temperature differential, and seed size in chickpea
are governed by many QTL [88]. The same holds for yield and
yield-contributing characters (e.g. seed number and seed
weight). These traits merit due attention in the final selection
of genotypes for abiotic stress tolerance [28]. Under such a
situation, MARS, which involves intercrossing among selected
individuals in each cycle of selection, may be used to avoid
the limitations of MABC [147].Abiotic stress tolerance shows mostly quantitative inher-
itance, high G × E interaction, and low heritability [59]. For
this reason, the generation, handling, evaluation, genotyping
and phenotyping of breeding materials deserve special
consideration. For generation of breeding materials,
trait-specific parents based on defined objective may be
intercrossed following suitable mating designs to develop
multi-parent advanced generation intercross (MAGIC) popu-
lations accompanied by high-throughput genotyping of gen-
erated MAGIC lines [148]. Recent advances in chickpea and
pigeonpea genomics [112–124] may be used for mapping,
identification, and validation of candidate genes and marker–
trait association.8. Conclusion and way forward
It appears that thus far only highly heritable traits have been
used by breeders for developing genotypes tolerant to abiotic
stresses in both chickpea and pigeonpea. Unfortunately, most
physiological parameters and mechanisms and agronomic
traits conferring resistance/tolerance to abiotic stresses are
controlled by several QTL that show low heritability and high
G × E interaction. Conventional breeders perhaps deliberately
ignore targeting such traits because of poor reproducibility of
such traits in segregating generations, their limited under-
standing of physiological parameters and mechanisms and of
genome-assisted breeding (GAB) and/or scanty infrastructure
at their disposal. The literature abounds in information on
abiotic stresses in both chickpea and pigeonpea; however,
instances of their use for developing highly tolerant geno-
types combining all the desirable attributes for the stress in
question are few.
Integration of validated methods of screening and novel
tools in breeding programs is needed to improve efficiency
and effectiveness of selection so that higher genetic gains can
be achieved rapidly. Stress-breeding programs should have
access to controlled-environment facilities (greenhouses and
growth chambers) for rapid generation advance of breeding
materials and phenotyping platforms for high-throughput
screening of genetic materials and use of electronic field
books and data-management systems for increasing
110 T H E C R O P J O U R N A L 6 ( 2 0 1 8 ) 9 9 – 1 1 4efficiency. There has been rapid progress in the development
of low-cost genotyping platforms and genomic resources in
recent years. Integrated breeding involving multidisciplinary
(genetics, physiology, and biotechnology) approaches needs
to be used for higher precision and efficiency of breeding
programs. Screening and selection must focus on reproduc-
tive traits. Physiological parameters such as root traits,
transpiration efficiency, dehydration tolerance, membrane
stability index, and pollen viability should be given due
attention in conjunction with yield while the issues of
drought and heat stresses are addressed. Survival, anthesis,
pollen dehiscence, and pod and seed setting under low
temperature should form the selection criteria for cold
tolerance. For salinity and acidity, root exclusion and limited
shoot translocation of toxic materials along with yield should
be considered.
Breeding for durable resistance to abiotic stresses is a
major issue for plant breeders, and pyramiding such genes in
an adapted variety is a better option. Introgression and gene
pyramiding of promising alleles and QTL in pulses for biotic
stress are well documented; however, such examples for
abiotic stress in pulses are scant. Efforts towards pyramiding
multiple QTL conferring tolerance to a single abiotic stress or
a combination of abiotic stresses in a single cultivar need to be
accelerated. Recent advances in genomics and physiological
researches have potential to make it a reality. Poor farmers in
the SAT regions would benefit from planting such tolerant
varieties and would reap the benefit in increased yield and
quality. This genetic management approach would be easy for
farmers to implement because it would mean replacing their
old varieties with new ones.R E F E R E N C E S
[1] A.K. Choudhary, S. Kumar, B.S. Patil, J.S. Bhat, M. Sharma, S.
Kemal, T.P. Ontagodi, S. Datta, P. Patil, S.K. Chaturvedi, R.
Sultana, V.S. Hegde, S. Choudhary, P.Y. Kamannavar, A.G.
Vijayakumar, Narrowing yield gaps through genetic
improvement for Fusariumwilt resistance in three pulse crops
of the semi-arid tropics, SABRAO J. Breed. Genet. 45 (2013)
341–370.
[2] S.S. Araujo, S. Beebe, M. Crespi, B. Delbreil, E.M. González, V.
Gruber, I. Lejeune-Henaut, W. Link, M.J. Monteros, E. Prats, I.
Rao, V.I. Vadez, M.C. Vaz Patto, Abiotic stress responses in
legumes: strategies used to cope with environmental
challenges, Crit. Rev. Plant Sci. 34 (2015) 237–280.
[3] R.A. Fischer, R. Maurer, Drought resistance in spring wheat
cultivar, I. Grain yield responses, Aust. J. Agric. Res. 29 (1978)
897–912.
[4] A.A. Rosielle, J. Hamblin, Theoretical aspects of selection for
yield in stress and non-stress environment, Crop Sci. 21
(1981) 943–946.
[5] G.C.J. Fernandez, Effective selection criteria for assessing
plant stress tolerance, in: C.G. Kuo (Ed.), Adaptation of Food
Crops to Temperature and Water Stress, Asian Vegetable
Research and Development Center, Taiwan, China 1992,
pp. 257–270.
[6] Esmaeilpour Ali, M.V. Labeke, R. Samson, S. Ghaffaripour,
P.V. Damme, Comparison of biomass production-based
drought tolerance indices of pistachio (Pistacia vera L.)
seedlings in drought stress conditions, Int. J. Agron. Agric.
Res. 7 (2015) 36–44.[7] P.K. Gupta, R.R. Mir, A. Mohan, J. Kumar, Wheat genomics:
present status and future prospects, Int. J. Plant Genomics
896451 (2008).
[8] A.K. Choudhary, R. Sultana, A. Pratap, N. Nadarajan, U.C.
Jha, Breeding for abiotic stresses in pigeonpea, J. Food
Legumes 24 (2011) 165–174.
[9] U.C. Jha, S.K. Chaturvedi, A. Bohra, P.S. Basu, M.S. Khan, D.
Barh, Abiotic stresses, constraints and improvement
strategies in chickpea, Plant Breed. 133 (2014) 163–178.
[10] V. Devasirvatham, D.K.Y. Tan, P.M. Gaur, T.N. Raju, R.M.
Trethowan, High temperature tolerance in chickpea and its
implications for plant improvement, Crop Pasture Sci. 63 (2012)
419–428.
[11] M.A. Maqbool, M. Aslam, H. Ali, Breeding for improved
drought tolerance in chickpea, Plant Breed. 136 (2017) 300–318.
[12] P.S. Basu, U. Singh, A. Kumar, C.S. Praharaj, R.K. Shivran,
Climate change and its mitigation strategies in pulses
production, Indian J. Agron. 61 (2016) S71–S82.
[13] J. Kumar, A.K. Choudhary, R. Solanki, A. Pratap, Towards
marker-assisted selection in pulses-a review, Plant Breed.
130 (2011) 297–313.
[14] FAOSTAT, http://www.fao.org/faostat/en/#data/QC 2014,
Accessed date: 21 April 2017.
[15] J. Ryan, A global perspective on pigeon pea and chickpea
sustainable production systems: present status and future
potential, in: A. Asthana, M. Ali (Eds.), Recent Advances in
Pulses Research, Indian Society of Pulses Research and
Development, Kanpur, India, 1997.
[16] J.S. Croser, H.J. Clarke, K.H.M. Siddique, T.N. Khan,
Low-temperature stress: implications for chickpea (Cicer
arietinum L.) improvement, Crit. Rev. Plant Sci. 22 (2003) 185–219.
[17] L. Krishnamurthy, J. Kashiwagi, P.M. Gaur, H.D. Upadhyaya,
V. Vadez, Sources of tolerance to terminal drought in the
chickpea (Cicer arietinum L.) minicore germplasm, Field
Crops Res. 119 (2010) 322–330.
[18] K. Kumar, S. Solanki, S.N. Singh, M.A. Khan, Abiotic
Constraints of Pulse Production in India, in: S.K. Biswas, S.
Kumar, G. Chand (Eds.), Diseases of Pulse Crops and Their
Sustainable Management, Biotech Books, New Delhi, India
2016, pp. 23–39.
[19] J. Wang, Y.T. Gan, F. Clarke, C.L. McDonald, Response of
chickpea yield to high temperature stress during
reproductive development, Crop Sci. 46 (2006) 2171–2178.
[20] M. Pande, M. Sharma, Climate change: potential impact on
chickpea and pigeonpea diseases in the rainfed semi-arid
tropics (SAT), Proceedings of the 5th International Food
Legumes Research Conference (IFLRC V) and 7th European
Conference on Grain Legumes (AEP VII), Antalya, Turkey,
2010.
[21] T.J. Flowers, P.M. Gaur, C.L.L. Gowda, L. Krishnamurthy, S.
Srinivasan, K.H.M. Siddique, N. Turner, V. Vadez, R.K.
Varshney, T.D. Colmer, Salt sensitivity in chickpea plant,
Cell Environ. 33 (2010) 490–509.
[22] S. Samineni, K.H.M. Siddique, P.M. Gaur, T.D. Colmer, Salt
sensitivity of the vegetative and reproductive stages in
chickpea podding is a particular sensitive stage, Environ.
Exp. Bot. 71 (2011) 260–268.
[23] D. Singh, R.S. Raje, Genetics of aluminium tolerance in
chickpea (Cicer arietinum), Plant Breed. 130 (2011) 563–568.
[24] M. Sinha, M.D. Shamim, S. Priya, K.N. Singh, DNA
fingerprinting of pigeon pea (Cajanus cajan (L.) Millsp)
genotypes by RAPDmarker for the breeding of new varieties,
Indian J. Agric. Biochem. 26 (2013) 195–198.
[25] A.K. Choudhary, Effects of pollination control in pigeonpea
and their implication, J. Food Legumes 24 (2011) 50–53.
[26] F.B. Lopez, C. Johansen, Y.S. Chauhan, Effects of timing of
drought stress on phenology, yield and yield components of
short duration pigeonpea, J. Agron. Crop Sci. 177 (1996)
311–320.
111T H E C R O P J O U R N A L 6 ( 2 0 1 8 ) 9 9 – 1 1 4[27] D.S. Rana, Anchal Dass, G.A. Rajanna, Ramanjit Kaur, Biotic
and abiotic stress management in pulses, Indian J. Agron. 61
(2016) S238–S248.
[28] R. Sultana, A.K. Choudhary, A.K. Pal, K.B. Saxena, B.D.
Prasad, R.G. Singh, Abiotic stresses in major pulses: current
status and strategies, in: R.K. Gaur, P. Sharma (Eds.),
Approaches to Plant Stress and Their Management, Spring-
er, New Delhi, India 2014, pp. 173–190.
[29] J. Kumar, H.A. van Rheenen, Amajor gene for time flowering
in chickpea, J. Hered. 91 (2000) 67–68.
[30] H. Canci, C. Toker, Evaluation of yield criteria for drought
and heat resistance in chickpea (Cicer arietinum L.), J. Agron.
Crop Sci. 195 (2009) 47–54.
[31] P. Ratnakumar, V. Vadez, Groundnut (Arachis hypogaea)
genotypes tolerant to intermittent drought maintain a high
harvest index and have small leaf canopy under stress,
Funct. Plant Biol. 38 (2011) 1016–1023.
[32] P. Ratnakumar, V. Vadez, S.N. Nigam, L. Krishnamurthy,
Assessment of transpiration efficiency in peanut (Arachis
hypogaea L.) under drought using a lysimetric system, Plant
Biol. 11 (2009) 124–130.
[33] P.M. Gaur, L. Krishnamurthy, J. Kashiwagi, Improvement of
drought avoidance root traits in chickpea — current status
of research at ICRISAT, Plant Prod. Sci. 1 (2008) 3–11.
[34] L. Krishnamurthy, V. Vadez, M.J. Devi, R. Serraj, S.N. Nigam,
M.S. Sheshshayee, R. Aruna, Variation in transpiration
efficiency and its related traits in a groundnut (Arachis
hypogaea L.) mapping population, Field Crops Res. 103 (2007)
189–197.
[35] H.D. Upadhyaya, J. Kashiwagi, R.K. Varshney, P.M. Gaur, K.B.
Saxena, L. Krishnamurthy, I.P. Singh, Phenotyping chick-
peas and pigeonpeas for adaptation to drought, Front.
Physiol. 3 (2012) 179.
[36] J. Kashiwagi, L. Krishnamurthy, J.H. Crouch, R. Serraj,
Variability of root length density and its contributions to
seed yield in chickpea (Cicer arietinum L.) under terminal
drought stress, Field Crops Res. 95 (2006) 171–181.
[37] M. Zaman-Allah, D.M. Jenkinson, V. Vadez, A conservative
pattern of water use, rather than deep or profuse rooting, is
critical for the terminal drought tolerance of chickpea, J.
Exp. Bot. 62 (2011) 4239–4252.
[38] M. Zaman-Allah, D.M. Jenkinson, V. Vadez, Chickpea geno-
types contrasting for seed yield under terminal drought
stress in the field differ for traits related to the control of
water use, Funct. Plant Biol. 38 (2011) 270–281.
[39] L. Cattivelli, F. Rizza, F.W. Badeck, E. Mazzucotelli, A.M.
Mastrangelo, E. Francia, A.M. Stanca, Drought tolerance
improvement in crop plants: an integrated view from
breeding to genomics, Field Crops Res. 105 (2008) 1–14.
[40] J.M. Morgan, A.G. Condon, Water use, grain yield, and
osmoregulation in wheat, Funct. Plant Biol. 13 (1986)
523–532.
[41] H. Kanouni, H. Kazemi, M. Moghadam, M. Neyshabori,
Selection of chickpea (Cicer arietinum L.) entries for drought
resistance, J. Agric. Sci. 12 (2012) 109–121.
[42] M. Pouresmael, R.A. Khavari-Nejad, J. Mozafari, F. Najafi, F.
Moradi, Efficiency of screening criteria for drought tolerance
in chickpea, Arch. Agron. Soil Sci. 59 (2013) 1675–1693.
[43] J. Kashiwagi, L. Krishnamurthy, P.M. Gaur, H.D. Upadhyaya,
R.K. Varshney, S. Tobita, Traits of relevance to improve yield
under terminal drought stress in chickpea (C. arietinum L.),
Field Crops Res. 145 (2013) 88–95.
[44] L. Krishnamurthy, J. Kashiwagi, S. Tobita, O. Ito, H.D.
Upadhyaya, C.L.L. Gowda, R.K. Varshney, Variation in
carbon isotope discrimination and its relationship with
harvest index in the reference collection of chickpea
germplasm, Funct. Plant Biol. 40 (2013) 1350–1361.
[45] M.N. Esfahani, A. Mostajeran, Rhizobial strain involve-
ment in symbiosis efficiency of chickpea-rhizobia underdrought stress: plant growth, nitrogen fixation and
antioxidant enzyme activities, Acta Physiol. Plant. 33
(2011) 1075–1083.
[46] A. Mafakheri, Effect of drought stress and subsequent
recovery on protein, carbohydrate contents, catalase and
peroxidase activities in three chickpea (Cicer arietinum)
cultivars, Aust. J. Crop. Sci. 5 (2011) 1255–1260.
[47] C.S. Ulemale, S.N. Mate, D.V. Deshmukh, Physiological
indices for drought tolerance in chickpea (Cicer arietinum L.),
World J. Agric. Sci. 9 (2013) 123–131.
[48] D.V. Deshmukh, S.N. Mate, Evaluation of pigeonpea geno-
types for morpho-physiological traits related to drought
tolerance, World J. Agric. Sci. 9 (2013) 17–23.
[49] B.R. Glick, B. Todorovic, J. Czarny, Z. Cheng, J. Duan, B.
McConkey, Promotion of plant growth by bacterial ACC
deaminase, Crit. Rev. Plant Sci. 26 (2007) 277–342.
[50] A.A. Belimov, N. Hontzeas, V.I. Safronova, S.V. Demchinskaya,
G. Piluzza, S. Bullitta, B.R. Glick, Cadmium tolerant plant
growth promoting bacteria associatedwith the roots of Indian
mustard, Soil Biol. Biochem. 37 (2005) 241–250.
[51] K. Swarnalakshmi, V. Yadav, M. Senthilkumar, D.W. Dhar,
Biofertilizers for higher pulse production in India: scope,
accessibility and challenges, Indian J. Agron. 61 (2016)
S173–S181.
[52] P. Tittabutr, J.D. Awaya, Q.X. Li, D. Borthakur, The cloned
amino cyclopropane carboxylate (ACC) deaminase gene
from Sinorhizobium sp. BL3 in Rhizobium sp. strain YAL1145
promotes nodulation and growth of Leucaena leucocephala,
Syst. Appl. Microbiol. 31 (2008) 141–150.
[53] A. Kumar, A.K. Choudhary, V.K. Suri, Influence of AM fungi,
inorganic phosphorus and irrigation regimes on plant water
relations and soil physical properties in okra (Abelmoschus
esculentus L.)–pea (Pisum sativum L.) cropping system in
Himalayan acid alfisol, J. Plant Nutr. 39 (2016) 666–682.
[54] P. Laan, J.M.A.M. Clement, C.W.P.M. Blom, Growth and
development of Rumex roots as affected by hypoxic and
anoxic conditions, Plant Soil 136 (1991) 145–151.
[55] M.B. Jackson, Regulation of aerenchyma formation in roots
and shoots by oxygen and ethylene, in: D.J. Osborn, M.B.
Jackson (Eds.), Cell Separation in Plants, Springer-Verlag,
Berlin, Gemany 1989, pp. 263–274.
[56] Z. Solaiman, T.D. Colmer, S.P. Loss, B.D. Thomson, K.H.M.
Siddique, Growth responses of cool-season grain legumes to
transient waterlogging, Aust. J. Agric. Res. 58 (2007) 406–412.
[57] A.L. Cowie, R.S. Jessop, D.A. MacLeod, Effects of
waterlogging on chickpeas I. Influence of timing of
waterlogging, Plant Soil 183 (1996) 97–103.
[58] R. Sultana, M.I. Vales, K.B. Saxena, A. Rathore, S.K. Rao, M.
Myer, R.V. Kumar, Water-logging tolerances in pigeonpea
[Cajanus cajan (L.) Millsp]: genotypic variability and identifi-
cation of tolerant genotypes, J. Agric. Sci. 151 (2013) 659–671.
[59] A.K. Choudhary, Sultana Rafat, S.K. Chaturvedi, Sharma
Rajvir, B.P. Bhatt, S.P. Singh, Breeding strategies to mitigate
abiotic stresses in pulses, in: S.P. Singh, Brajendra, P.
Muthuraman (Eds.), Souvenir & Conference Book, Progres-
sive Publication, Meerut, India 2014, pp. 16–21.
[60] A.K. Choudhary, Sweta Pal, P.S. Basu, S.K. Chaturvedi, N.
Nadarajan, Screening for waterlogging tolerance in
pigeonpea, Pulses Newsletter 23 (2012) 5.
[61] P.S. Basu, Impact of climate change on production of pulses
in north India: a concern, Financing Agric. 42 (2010) 22–26.
[62] P.S. Basu, M. Ali, S.K. Chaturvedi, Terminal heat stress
adversely affects chickpea productivity in northern India:
strategies to improve thermotolerance in the crop under
climate change, Proceedings of Workshop on Impact of
Climate Change on Agriculture, December 17–18, 2009, Indian
Space Research Organization, Ahmedabad, India, 2009.
[63] S.K. Dwivedi, S. Basu, S. Kumar, G. Kumar, V. Prakash, S.
Kumar, J.S. Mishra, B.P. Bhatt, N. Malviya, G.P. Singh, A.
112 T H E C R O P J O U R N A L 6 ( 2 0 1 8 ) 9 9 – 1 1 4Arora, Heat stress induced impairment of starch
mobilisation regulates pollen viability and grain yield in
wheat: study in Eastern Indo-Gangetic Plains, Field Crops
Res. 206 (2017) 106–114.
[64] P.M. Gaur, S.K. Chaturvedi, S. Tripathi, C.L.L. Gouda, L.
Krishnamurthy, V. Vadez, N. Mallikarjuna, R.K. Varshney,
Improving heat tolerance in chickpea to increase its resilience
to climate change, 5th International Food Legumes Research
Conference & 7th European Conference on Grain Legumes,
April 26–30, 2010, Antalya, Turkey, , 2010.
[65] Indian Institute of Pulses Research, Annual Report, Indian
Institute of Pulses Research, Kanpur, India, 2012.
[66] J.S. Sandhu, S.K. Gupta, S. Singh, R.P. Dua, Genetic variability
for cold tolerance in pigeonpea, J. SAT Agric. Res. 5 (2007)
1–3.
[67] A.K. Choudhary, Selection criteria for low temperature
tolerance in long-duration pigeonpea, Proceedings ofNational
Symposium on “Ecologocal Sustainability: emerging chal-
lenges and opportunities”, November 3–5, 2007, IndianSociety
of Pulses Research and Development, Kanpur, India, 2007.
[68] Indian Institute of Pulses Research, Annual Report, Indian
Institute of Pulses Research, Kanpur, India, 2009.
[69] M.N. Singh, R.S. Singh, Inheritance of pod setting under low
temperature in pigeonpea, Indian J. Genet. 70 (2010) 277–280.
[70] D.L.N. Rao, K.E. Giller, A.R. Yeo, T.J. Flowers, The effects of
salinity and sodicity upon nodulation and nitrogen fixation
in chickpea, Ann. Bot. 89 (2002) 563–570.
[71] V. Vadez, L. Krishnamurthy, R. Serraj, P.M. Gaur, H.D.
Upadhyaya, D.A. Hoisington, R.K. Varshney, N.C. Turner,
K.H.M. Siddique, Large variation in chickpea is explained by
differences in sensitivity at the reproductive stage, Field
Crops Res. 104 (2007) 123–129.
[72] B.A. Keating, M.J. Fisher, Comparative tolerance of tropical
grain legumes to salinity, Aust. J. Agric. Res. 36 (1985)
373–383.
[73] R.P. Dua, P.C. Sharma, Physiological basis of salinity
tolerance in pigeonpea (Cajanus cajan) and method of testing
materials under highly variable soil conditions, Indian J.
Agric. Sci. 66 (1996) 405–412.
[74] G.V. Subbarao, C. Johansen, M.K. Jana, J.V.D.K.K. Rao,
Comparative salinity responses among pigeonpea genotypes
and their wild relatives, Crop Sci. 31 (1991) 415–418.
[75] N. Srivastava, V. Vadez, H.D. Upadhyaya, K.B. Saxena,
Screening for intra and interspecific variability for salinity
tolerance in pigeonpea (Cajanus cajan) and its related wild
species, J. SAT Agric. Res. 2 (2006) 1–12.
[76] D. Singh, N.P. Singh, S.K. Chauhan, Phundan Singh,
Developing aluminium-tolerant crop plants using
biotechnological tools, Curr. Sci. 100 (2011) 1807–1814.
[77] S.C. Mandal, Introduction and historical overview, in: I.C.
Mahapatra, S.C. Mandal, C. Misra, G.N. Mitra, N. Panda (Eds.),
Acidic Soils of India, ICAR, New Delhi, India 1997, pp. 3–24.
[78] D. Singh, S.K. Chaturvedi, Rapid and effective screening
technique for aluminium tolerance in chickpea at seedling
stage, Proceedings of National Symposium on “Ecologocal
Sustainability: Emerging Challenges and Opportunities”,
November 3–5, 2007, Indian Society of Pulses Research and
Development, Kanpur, India, 2007.
[79] A.K. Choudhary, D. Singh, J. Kumar, A comparative study of
screening methods for tolerance to aluminum toxicity in
pigeonpea, Aust. J. Crop. Sci. 5 (2011) 1419–1426.
[80] A.K. Choudhary, D. Singh, M.A. Iquebal, Selection of
pigeonpea genotypes for tolerance to aluminium toxicity,
Plant Breed. 130 (2011) 492–495.
[81] A.K. Choudhary, D. Singh, Screening of pigeonpea genotypes
for nutrient uptake efficiency under aluminium toxicity,
Physiol. Mol. Biol. Plants 17 (2011) 145–152.
[82] Abhijit A. Daspute, Y. Kobayashi, S.K. Panda, B. Fakrudin, Y.
Kobayashi, M. Tokizawa, S. Iuchi, A.K. Choudhary, Y.Y.Yamamoto, H. Koyamal, Characterization of CcSTOP1; a
C2H2 type transcription factor regulates Al tolerance gene in
pigeonpea, Planta (2017)https://doi.org/10.1007/s00425-017-
2777-6.
[83] S.B. Sarode, M.N. Singh, U.P. Singh, Genetics of
water-logging tolerance in pigeonpea (Cajanus cajan L.
Millsp), Indian J. Genet. 67 (2007) 264–265.
[84] L. Krishnamurthy, H.D. Upadhyaya, K.B. Saxena, V. Vadez,
Variation for temporarywater logging responsewithin themini
core pigeonpea germplasm, J. Agric. Sci. 150 (2012) 357–364.
[85] D. Singh, R.S. Raje, A.K. Choudhary, Genetic control of
aluminium tolerance in pigeonpea (Cajanus cajan L.), Crop
Pasture Sci. 62 (2011) 761–764.
[86] G.V. Subbarao, C. Johansen, J.V.D.K.K. Rao, M.K. Jana,
Salinity tolerance in F1 hybrids of pigeonpea and a tolerant
wild relative, Crop Sci. 30 (1990) 785–788.
[87] J. Kashiwagi, L. Krishnamurthy, P.M. Gaur, S. Chandra, H.D.
Upadhyaya, Estimation of gene effects of the drought
avoidance root characteristics in chickpea, Field Crops Res.
105 (2008) 64–69.
[88] R.K. Varshney, P.M. Gaur, S.K. Chamarthi, L. Krishnamurthy,
S. Tripathi, J. Kashiwagi, S. Samineni, V.K. Singh, M. Thudi,
D. Jaganathan, Fast-track introgression of “QTL-hotspot” for
root traits and other drought tolerance traits in JG 11, an
elite and leading variety of chickpea, Plant Genome 6 (2013)
(doi: 103835/plantgenome2013070022).
[89] L. Krishnamurthy, J. Kashiwagi, H.D. Upadhyaya, R. Serraj,
Genetic diversity of drought avoidance root traits in the
mini-core germplasm collection of chickpea, Int. Chickpea
Pigeonpea Newslett. 10 (2003) 21–24.
[90] S.C. Gupta, A.K. Rathore, S.N. Sharma, R.S. Saini, Responses
of chickpea cultivars to water stress, Indian J. Plant Physiol.
5 (2000) 274–276.
[91] K.B. Singh, M. Omar, M.C. Saxena, C. Jahansen, Registration
of FLIP 87-59C, a drought tolerant chickpea germplasm line,
Crop Sci. 38 (1996) 472.
[92] K.B. Singh, M. Omar, M.C. Saxena, C. Jahansen, Screening for
drought resistance in spring chickpea in the Mediterranean
region, J. Agron. Crop Sci. 178 (1997) 227–235.
[93] E. Farshadfar, M. Zamani, M. Motallebi, A. Imamjomeh,
Selection for drought resistance in chickpea lines, Iran. J.
Agric. Sci. 32 (2001) 65–77.
[94] P.J. Reddy, Screening of pigeonpea genotypes for drought
tolerance under black cotton soils of Krishna Godavari zone,
Ann. Plant Physiol. 15 (2001) 104–106.
[95] G. Bejiga, Y. Anbessa, Waterlogging tolerance in chickpea,
Int. Chickpea Pigeonpea Newslett. 5 (1995) 23–24.
[96] A.L. Cowie, R.S. Jessop, D.A. MacLeod, A study of
waterlogging damage in Australian chickpea cultivars, Int.
Chickpea Pigeonpea Newslett. 2 (1995) 22–23.
[97] L. Krishnamurthy, P.M. Gaur, P.S. Basu, S.K. Chaturvedi, S.
Tripathi, V. Vadez, et al., Large genetic variation for heat
tolerance in the reference collection of chickpea germplasm,
Plant Genet. Resour.-Charact. Util. 9 (2011) 59–69.
[98] H.D. Upadhyaya, N. Dronavalli, C.L.L. Gowda, S. Singh,
Identification and evaluation of chickpea germplasm for
tolerance to heat stress, Crop Sci. 51 (2011) 2079–2094.
[99] C. Toker, M.I. Cagirgan, Assessment of response to drought
stress of chickpea lines under rainfed conditions, Turk. J.
Agric. For. 22 (1998) 615–621.
[100] N.A. O'Toole, F.L. Stoddard, L. O'Brien, Controlled
environment and field screening of chickpeas for cold
tolerance, J. Agron. Crop Sci. 186 (2001) 193–208.
[101] J.S. Sandhu, S.J. ArasaKesary, Evaluation of chickpea
genotypes for cold tolerance, Int. Chickpea Pigeonpea
Newslett. 10 (2003) 9–12.
[102] H.J. Clarke, K.H.M. Siddique, Response of chickpea
genotypes to low temperature stress during reproductive
development, Field Crops Res. 90 (2004) 323–334.
113T H E C R O P J O U R N A L 6 ( 2 0 1 8 ) 9 9 – 1 1 4[103] R.P. Dua, P.C. Sharma, Salinity tolerance of kabuli and desi
chickpea genotypes, Int. Chickpea Pigeonpea Newslett. 2
(1995) 19–22.
[104] N.A. Tejera, M. Soussi, C. Liuch, Physiological and nutri-
tional indicators of tolerance to salinity in chickpea plants
under symbiotic conditions, Environ. Exp. Bot. 58 (2006)
17–24.
[105] A.K. Singh, R.A. Singh, Effect of salinity on sodium,
potassium and proline content of chickpea genotypes,
Indian J. Plant Physiol. 4 (2001) 111–113.
[106] R. Serraj, L. Krishnamurthy, H.D. Upadhyaya, Screening
chickpea mini-core germplasm for tolerance to soil salinity,
Int. Chickpea Pigeonpea Newslett. 11 (2004) 29–33.
[107] R.S. Malhotra, K.B. Singh, Gene action for cold tolerance in
chickpea, Theor. Appl. Genet. 82 (1991) 598–601.
[108] R.K. Varshney, M.S. Mohan, P.M. Gaur, N.V.P.R. Gangarao,
M.K. Pandey, A. Bohra, S.L. Sawargaonkar, A. Chitikineni,
P.K. Kimurto, P. Janila, K.B. Saxena, A. Fikre, M. Sharma, A.
Rathore, A. Pratap, S. Tripathi, S. Datta, S.K. Chaturvedi, N.
Mallikarjuna, G. Anuradha, A. Babbar, A.K. Choudhary, M.B.
Mhase, C.H. Bharadwaj, D.M. Mannur, P.N. Harer, B.Z. Guo,
X.Q. Liang, N. Nadarajan, C.L.L. Gowda, Achievements and
prospects of genomics-assisted breeding in three legume
crops of the semiarid tropics, Biotechnol. Adv. 31 (2013)
1120–1134.
[109] R. Gaur, S. Azam, S. Jeena, A.W. Khan, S. Choudhary, M. Jain,
G. Yadav, A.K. Tyagi, D. Chattopadhyay, S. Bhatia, High-
throughput SNP discovery and genotyping for constructing
a saturated linkage map of chickpea (Cicer arietinum L.), DNA
Res. 19 (2012) 357–373.
[110] S. Choudhary, R. Gaur, S. Gupta, S. Bhatia, EST-derived genic
molecular markers: development and utilization for gener-
ating an advanced transcript map of chickpea, Theor. Appl.
Genet. 124 (2012) 1449–1462.
[111] S.N. Nayak, H. Zhu, N. Varghese, S. Datta, H. Choi, R. Horres,
R. Jungling, J. Singh, P.B. Kavi Kishor, S. Sivaramakrishnan,
D.A. Hoisington, G. Kahl, P. Winter, D.R. Cook, R.K. Varshney,
Integration of novel SSR and gene-based SNP marker loci in
the chickpea genetic map and establishment of new anchor
points with Medicago truncatula genome, Theor. Appl. Genet.
120 (2010) 1415–1441.
[112] R.K. Varshney, C. Song, R.K. Saxena, S. Azam, S. Yu, A.G.
Sharpe, S. Cannon, J. Baek, B.D. Rosen, B. Taŕan, T. Millan,
X.D. Zhang, L.D. Ramsay, A. Iwata, Y. Wang, W. Nelson, A.D.
Farmer, P.M. Gaurl, C. Soderlund, R.V. Penmetsa, C.Y. Xu,
A.K. Bharti, W.M. He, P. Winter, S.C. Zhao, J.K. Hane, N.
Carrasquilla-Garcia, J.A. Condie, H.D. Upadhyaya, M.C. Luo,
M. Thudi, C.L.L. Gowda, N.P. Singh, J. Lichtenzveig, K.K. Gali,
J. Rubio, N. Nadarajan, J. Dolezel, K.C. Bansal, X. Xu, D.
Edwards, G.Y. Zhang, G. Kahl, J. Gil, K.B. Singh, S.K. Datta,
S.A. Jackson, J. Wang, D.R. Cook, Draft genome sequence of
chickpea (Cicer arietinum) provides a resource for trait
improvement, Nat. Biotechnol. 31 (2013) 240–246.
[113] M. Ashraf, Inducing drought tolerance in plants: recent
advances, Biotechnol. Adv. 28 (2010) 169–183.
[114] C. Molina, B. Rotter, R. Horres, S.M. Udupa, B. Besser, L.
Bellarmino, M. Baum, H. Matsumura, R. Terauchi, G. Kahl, P.
Winter, SuperSAGE: the drought stress responsive tran-
scriptome of chickpea roots, BMC Genomics 9 (2008) 553.
[115] R. Garg, A. Bhattacharjee, M. Jain, Genome scale
transcriptomic insights into molecular aspects of abiotic
stress responses in chickpea, Plant Mol. Biol. Report. 33
(2015) 388–400.
[116] R. Garg, R.K. Patel, A.K. Tyagi, M. Jain, De novo assembly of
chickpea transcriptome using short reads for gene discovery
and marker identification, DNA Res. 18 (2011) 53–63.
[117] R. Garg, R.K. Patel, S. Jhanwar, P. Priya, A. Bhattacharjee, G.
Yadav, S. Bhatia, D. Chattopadhyay, A.K. Tyagi, M. Jain, Gene
discovery and tissue-specific transcriptome analysis inchickpea with massively parallel pyrosequencing and web
resource development, Plant Physiol. 156 (2011) 1661–1678.
[118] P.J. Hiremath, A. Farmer, S.B. Cannon, J. Woodward, H.
Kudapa, R. Tuteja, A. Kumar, A. BhanuPrakash, B.
Mulaosmanovic, N. Gujaria, L. Krishnamurthy, P.M. Gaur,
P.B. KaviKishor, T. Shah, R. Srinivasan, M. Lohse, Y.L. Xiao,
C.D. Town, D.R. Cook, G.D. May, R.K. Varshney, Large-scale
transcriptome analysis in chickpea (Cicer arietinum L.), an
orphan legume crop of the semi-arid tropics of Asia and
Africa, Plant Biotechnol. J. 9 (2011) 922–931.
[119] P.J. Hiremath, A. Kumar, R.V. Penmetsa, A. Farmer, J.A.
Schlueter, S.K. Chamarthi, A.M. Whaley, N. Carrasquilla-
Garcia, P.M. Gaur, H.D. Upadhyaya, P.B. Kavikishor, T.M.
Shah, D.R. Cook, R.K. Varshney, Large-scale development of
cost-effective SNP marker assays for diversity assessment
and genetic mapping in chickpea and comparative mapping
in legumes, Plant Biotechnol. J. 10 (2012) 716–732.
[120] S. Jhanwar, P. Priya, R. Garg, S.K. Parida, A.K. Tyagi, M. Jain,
Transcriptome sequencing of wild chickpea as a rich
resource for marker development, Plant Biotechnol. J. 10
(2012) 690–702.
[121] G. Agarwal, S. Jhanwar, P. Priya, V.K. Singh, M.S. Saxena, S.K.
Parida, R. Garg, A.K. Tyagi, M. Jain, Comparative analysis of
kabuli chickpea transcriptome with desi and wild chickpea
provides a rich resource for development of functional
markers, PLoS One 7 (2012), e52443.
[122] B. Priyanka, K. Sekhar, V.D. Reddy, K.V. Rao, Expression of
pigeonpea hybrid proline rich protein encoding gene
(CcHyPRP) in yeast and Arabidopsis affords multiple abiotic
stress tolerance, Plant Biotechnol. J. 8 (2010) 76–87.
[123] N.K. Singh, D.K. Gupta, P.K. Jaiswal, A.K. Mahato, S. Dutta, S.
Singh, S. Bhutani, V. Dogra, B.P. Singh, G. Kumawat, J.K. Pal,
A. Pandit, A. Singh, H. Rawal, A. Kumar, G.R. Prashat, A.
Khare, R. Yadav, R.S. Raje, M.N. Singh, S. Datta, B. Fakrudin,
K.B. Wanjari, R. Kansal, P.K. Dash, P.K. Jain, R. Bhattacharya,
K. Gaikwad, T. Mohapatra, R. Srinivasan, T.R. Sharma, The
first draft of the pigeonpea genome sequence, J. Plant
Biochem. Biotechnol. 21 (2011) 98–112.
[124] R.K. Varshney, W. Chen, Y. Li, A.K. Bharthi, R.K. Saxena, J.A.
Schlueter, M.T.A. Donoghue, S. Azam, G.Y. Fan, A.M.
Whaley, A.D. Farmer, J. Sheridan, A. Iwata, R. Tuteja, R.V.
Penmetsa, W. Wu, H.D. Upadhyaya, S.P. Yang, T. Shah, K.B.
Saxena, T. Michael, W.R. McCombie, B.C. Yang, G.Y. Zhang,
H.M. Yang, J. Wang, C. Spillane, D.R. Cook, G.D. May, X. Xu,
S.A. Jackson, Draft genome sequence of pigeonpea (Cajanus
cajan), an orphan legume crop of resource-poor farmers,
Nat. Biotechnol. 30 (2012) 83–89.
[125] A. Dubey, A. Farmer, J. Schlueter, S.B. Cannon, B. Abernathy,
R. Tuteja, J. Woodward, T. Shah, B. Mulasmanovic, H.
Kudapa, N.L. Raju, R. Gothalwal, S. Pande, Y. Xiao, C.D.
Town, N.K. Singh, G.D. May, S. Jackson, R.K. Varshney,
Defining the transcriptome assembly and its use for genome
dynamics and transcriptome profiling studies in pigeonpea
(Cajanus cajan L.), DNA Res. 18 (2011) 153–164.
[126] R.R. Kumar, S. Yadav, D. Shrinivas, A.K. Srivastava, V.
Shitole, G.R. Naik, Transcriptome of pigeonpea roots under
water deficit analysed by suppression subtractive
hybridization, J. Agric. Sci. Technol. 17 (2015) 1333–1345.
[127] S. Dutta, G. Kumawat, B.P. Singh, D.K. Gupta, S. Singh, V.
Dogra, K. Gaikwad, et al., Development of genic-SSRmarkers
by deep transcriptome sequencing in pigeonpea [Cajanus
cajan (L.) Millspaugh], BMC Plant Biol. 11 (2011) 17.
[128] R.K. Saxena, R.V. Penmetsa, H.D. Upadhyaya, A. Kumar, N.
Carrasquilla-Garcia, J.A. Schlueter, A. Farmer, A.M. Whaley,
B.K. Sarma, G.D. May, D.R. Cook, R.K. Varshney, Large-scale
development of cost-effective single-nucleotide polymor-
phism marker assays for genetic mapping in pigeonpea and
comparative mapping in legumes, DNA Res. 19 (2012)
449–461.
114 T H E C R O P J O U R N A L 6 ( 2 0 1 8 ) 9 9 – 1 1 4[129] M.I. Vales, R.K. Srivastava, R. Sultana, S. Singh, I. Singh, G.
Singh, S.B. Patil, K.B. Saxena, Breeding for earliness in
pigeonpea: development of new determinate and non-
determinate lines, Crop Sci. 52 (2012) 2507–2516.
[130] K.B. Singh, R.S. Malhotra, M.C. Saxena, Additional sources of
tolerance to cold in cultivated and wild Cicer species, Crop
Sci. 35 (1995) 1491–1497.
[131] C. Toker, Preliminary screening and selection for cold
tolerance in annual wild Cicer species, Genet. Resour. Crop.
Evol. 52 (2005) 1–5.
[132] J.D. Berger, S. Kumar, H. Nayyar, K.A. Street, J.S. Sandhu, J.M.
Henzell, J. Kaur, H.C. Clarke, Temperature-stratified
screening of chickpea genetic resource collections reveals
very limited reproductive chilling tolerance compared to its
annual wild relatives, Field Crops Res. 126 (2012) 119–129.
[133] M.F.A. Maliro, D. McNeil, B. Redden, J.F. Kollmorgen, C.
Pittock, Sampling strategies and screening of chickpea
germplasm for salt tolerance, Genet. Resour. Crop. Evol. 55
(2008) 53–63.
[134] L.D. Robertson, B. Ocampo, K.B. Singh, Morphological
variation in wild annual Cicer species in comparison with
the cultigens, Euphytica 95 (1997) 309–319.
[135] H.D. Upadhyaya, K.N. Reddy, S. Singh, C.L.L. Gowda,
Phenotypic diversity in Cajanus species and identification of
promising sources for agronomic traits and seed protein
content, Genet. Resour. Crop. Evol. 60 (2013) 639–659.
[136] C.K. Khoury, N.P. Castaneda-Alvarez, H.A. Achicanoy, C.C.
Sosa, Vivian Bernau, M.T. Kassa, S.L. Norton, L.J.G. van der
Maesen, H.D. Upadhyaya, J. Ramírez-Villegas, A. Jarvis, P.C.
Struik, Crop wild relatives of pigeonpea: distribution, ex situ
conservation status and potential genetic resources for
abiotic stress tolerance, Biol. Conserv. 184 (2015) 259–270.
[137] Shivali Sharma, Prebreeding using wild species for genetic
enhancement of grain legumes at ICRISAT, Crop Sci. 57
(2017) 1132–1144.
[138] R.K. Varshney, H. Kudapa, L. Pazhamala, A. Chitikineni, M.
Thudi, A. Bohra, P.M. Gaur, P. Janila, A. Fikre, P. Kimurto, N.
Ellis, Translational genomics in agriculture: some examples
in grain legumes, Crit. Rev. Plant Sci. 34 (2015) 169–194.
[139] S. Cho, J. Kumar, J.F. Shultz, K. Anupama, F. Tefera, F.J.
Muehlbauer, Mapping genes for double podding and othermorphological traits in chickpea, Euphytica 125 (2002)
285–292.
[140] J. Lichtengveig, D.J. Bonfil, H.B. Zhang, D. Shtienberg, S.
Abbo, Mapping quantitative trait loci in chickpea associated
with time to flowering and resistance to Didymela rabaei the
causal agent of Aschochyta blight, Theor. Appl. Genet. 113
(2006) 1357–1369.
[141] M. Thudi, H.D. Upadhyaya, A. Rathore, P.M. Gaur, L.
Krishnamurthy, M. Roorkiwal, S.N. Nayak, S.K. Chaturvedi,
P.S. Basu, N.V.P.R. Gangarao, A. Fikre, P. Kimurto, P.C.
Sharma, M.S. Sheshashayee, S. Tobita, J. Kashiwagi, O. Ito, A.
Killian, R.K. Varshney, Genetic dissection of drought and
heat tolerance through genome-wide and candidate-based
association mapping approaches, PLoS One 9 (2014), e96758.
[142] L. Pazhamala, R.K. Saxena, V.K. Singh, C.V. Sameerkumar, V.
Kumar, P. Sinha, K. Patel, J. Obala, S.R. Kaoneka, P.
Tongoona, H.A. Shimelis, Genomics assisted breeding for
boosting crop improvement in pigeonpea, Front. Plant Sci. 6
(2015) 1–12.
[143] J.D. Berger, R. Buck, J.M. Henzell, N.C. Turner, Evolution in
the genus Cicer-vernalization response and low temperature
pod set in chickpea (C. arietinum L.) and its annual wild
relatives, Aust. J. Agric. Res. 56 (2005) 1191–1200.
[144] N. Mallikarjuna, D.R. Jadhav, et al., Indian J. Genet. Plant
Breed. 68 (2008) 398–405.
[145] S.D. Tanksley, J.C. Nelson, Advanced backcross QTL
analysis: a method for the simultaneous discovery and
transfer of valuable QTL from unadapted germplasm into
elite breeding lines, Theor. Appl. Genet. 92 (1996) 191–203.
[146] F. Hospital, Marker-assisted breeding, in: H.J. Newbury (Ed.),
Plant Molecular Breeding, Blackwell Publishing, Carlton,
Australia 2003, pp. 30–56.
[147] A.K. Choudhary, R.S. Raje, S. Datta, R. Sultana, T. Ontagodi,
Conventional and molecular approaches towards genetic
improvement in pigeonpea for insects resistance, Am. J.
Plant Sci. 4 (2013) 372–385.
[148] B.E. Huang, K.L. Verbyla, A.P. Verbyla, C. Raghavan, V.K.
Singh, P. Gaur, H. Leung, R.K. Varshney, C.R. Cavanagh,
MAGIC populations in crops: current status and future
prospects, Theor. Appl. Genet. 128 (2015) 999–1017.
